Malaria rapid diagnostic tests (RDTs) play a critical role in malaria case management, surveillance and case investigations. Test performance is largely determined by design and quality characteristics, such as detection sensitivity, specificity, and thermal stability. However, parasite characteristics such as variable or absent expression of antigens targeted by RDTs can also affect RDT performance. Plasmodium falciparum parasites lacking the PfHRP2 protein, the most common target antigen for detection of P. falciparum, have been reported in some regions. Therefore, accurately mapping the presence and prevalence of P. falciparum parasites lacking pfhrp2 would be an important step so that RDTs targeting alternative antigens, or microscopy, can be preferentially selected for use in such regions. Herein the available evidence and molecular basis for identifying malaria parasites lacking PfHRP2 is reviewed, and a set of recommended procedures to apply for future investigations for parasites lacking PfHRP2, is proposed.
Role of malaria rapid diagnostic tests (RDTs)
Malaria remains endemic in 104 countries, representing a major public health problem in many [1] . While most countries are aggressively controlling malaria, and some are progressing towards elimination, much of the success relies on appropriate malaria case management based on early diagnosis and prompt treatment with efficacious anti-malarial drugs [2] . To improve case management the World Health Organization (WHO) recommends that parasitological confirmation by microscopy or malaria rapid diagnostic tests (RDTs) is conducted in all patients with a suspected diagnosis of malaria prior to commencing treatment [3] .
The availability of quality-assured malaria RDTs in recent years has dramatically increased access to malaria diagnostics. Malaria RDTs are not only playing an increasing critical role in malaria case management, but also in malaria surveillance and case investigations in malaria elimination countries. They are also widely used in non-endemic settings to diagnose malaria in travellers returning from the tropics [4] .
Diagnostic targets of RDTs
Malaria RDTs are lateral flow devices that use antibodies to capture and detect parasite proteins by immunochromatography. Currently, over 200 brands of RDTs are commercially available for detecting different Plasmodium spp. [5] . Over the past five years 128 unique RDT products have been tested in the WHO-Foundation for Innovative New Diagnostics (FIND) Malaria RDT Evaluation Programme [6] . One hundred and ten (110) of the 127 RDTs that are capable of diagnosing Plasmodium falciparum, target an antigen that is unique to P. falciparum, the histidine-rich protein 2 (PfHRP2). Many antibodies used to detect PfHRP2 also detect histidine-rich protein 3 (PfHRP3), a protein that shares a high degree of similarity in amino acid sequence with PfHRP2 [7] . Indeed, the monoclonal antibodies in such tests target an epitope abundant in both proteins [7] . Generally, PfHRP2-detecting RDTs have better sensitivity than non-PfHRP2-detecting RDTs, [6] and tend to have greater thermal stability [8] . These considerations, combined with the higher number of available products meeting WHO procurement criteria [9] make PfHRP2-detecting RDTs a widely used diagnostic tool for P. falciparum infections.
Use of RDTs
RDTs detecting P. falciparum alone are suitable for use in much of Western and sub-Saharan Africa where malaria cases are predominantly caused by P. falciparum. However, outside of Africa where P. falciparum co-exists with Plasmodium vivax and other Plasmodium species, RDTs that detect both P. falciparum and non-falciparum spp. are typically selected.
Forty-one of 44 African countries and 49 of 55 countries of other regions have adopted the WHO policy of parasitological diagnosis for all age groups in 2011 [1] . This was greatly facilitated by the roll out of quality assured RDTs. Globally, RDT sales reached a total of 205 million in 2012 (129 million PfHRP2, P. falciparum, only tests) [1] .
Performance of RDTs
The detection sensitivity of quality RDTs is generally similar to that of quality field microscopy. However, variable performance has been reported in field use [10] . False negative RDT results will delay anti-malarial treatment, potentially endangering life and the patient will be a source for ongoing malaria transmission.
Possible causes for false negative test results
The major causes of false negative results can be grouped into five broad categories: poor product design or quality, unsuitable transport or storage conditions, parasite or operator factors and host parasite density/antigen concentration [11, 12] (Table 1) .
Many of the potential causes can be eliminated or minimized by procuring good quality RDTs, by improving quality control of procured RDTs, and by good training of end users. However, host and parasite characteristics could be specific to the region where the RDTs are deployed and are beyond the realms of quality control and training. Therefore, false negative results should be exhaustively investigated, particularly in relation to parasites not expressing target antigens or expressing, as of yet unrecognized, antigenic variants. In regards to the potential contribution of the antigenic variants, Baker et al. found that despite extensive variations in the number and arrangement of various repeats encoded by the pfhrp2 genes in parasite populations world-wide (458 isolates examined), no statistically robust correlation between gene structure and RDT detection rate for P. falciparum parasites at 200 parasites per microlitre was identified [13] . Thus, diversity of PfHRP2 does not appear to be a major cause of RDT sensitivity variation.
Evidence review for parasites not expressing PfHRP2 and/or PfHRP3
When a parasite expresses little or no target antigen, a false negative result will occur. P. falciparum parasites not expressing PfHRP2 and/or PfHRP3 have been reported both in laboratory and field isolates. In contrast, there are no reports of parasites failing to express pLDH or aldolase, as these targets are essential enzymes for parasite metabolism and survival.
Laboratory lines
Plasmodium falciparum parasites not expressing PfHRP2 were first reported in culture adapted, cloned laboratory lines: one originating from Papua New Guinea (FCQ27-D10) [14] and the other, from Thailand (Dd2) [15] . In both lines, the failure to express PfHRP2 resulted from a deletion of part [16] or entire protein encoding gene [15] due to breakage at chromosome ends (subtelomeric regions). Subpopulations of parasites deleting parts of the pfhrp2 gene were also observed in a parasite line (Palo Alto) when cultured in vitro. These subpopulations showed different breaking points, which appear to be random within the exon 2 of pfhrp2 [17] .
PfHRP3 was reported missing in a parasite line originating from Honduras (HB3), again due to chromosomal breakage at the subtelomeric region, resulting in the deletion of pfhrp3 [18] . Parasites with pfhrp3 gene were favoured strongly in a genetic cross between 3D7 and HB3 compared to those without pfhrp3, due to rapid growth of progeny expressing PfHRP3 [18] . Parasites lacking both pfhrp2 and pfhrp3 genes were observed in a progeny of a genetic cross between Dd2 and HB3 [15] . This progeny inherited the Dd2 parental type at the pfhrp2 locus on chromosome 8 and the HB3 parental type at PfHRP3 locus on chromosome 13, thus causing a deletion of both genes. This parasite clone was able to grow and multiply in vitro with these deletions. Interestingly, presence of pfhrp2 was not favoured in inheritance in the progeny [15] .
Field isolates
The first definitive report of P. falciparum parasites lacking PfHRP2 and/or PfHRP3 was published by Gamboa et al. [19] . This discovery was made as part of the WHO-FIND Malaria RDT Evaluation Programme in which over 300 field isolates were collected from different geographical areas and characterized for use in malaria RDT product testing at the Centers for Disease Control and Prevention (CDC), USA, and lot testing at the collecting laboratories. Amongst nine P. falciparum isolates collected in Iquitos, Peru, in 2007, eight were found to lack the pfhrp2 and six to lack both the pfhrp2 and pfhrp3 genes when tested by PCR. When tested by ELISA, none of the eight parasites lacking pfhrp2 had detectable PfHRP, but all had detectable pLDH [19] . Furthermore, parasites lacking both pfhrp2 and pfhrp3 returned negative results on three different brands of good quality RDTs. DNA sequence analysis of the genes flanking pfhrp2 and pfhrp3 revealed that the lack of PfHRP2 was due to deletions on chromosome 8 which removed pfhrp2 and upstream genes, while the lack of PfHRP3 was mostly due to deletions on chromosome 13 that removed pfhrp3 and its flanking genes [19] . Deletions of both genes were characterized in more detail using a whole genome scanning approach in a different set of P. falciparum isolates also collected from the Iquitos region [20] . Genome scanning of 14 Peruvian P. falciparum isolates revealed deletions of subtelomeric regions in lengths of 20-25 kb containing several genes including pfhrp2 and pfhrp3 [20] . It should be noted that a truncation of pfhrp3 exon 1 was also seen in two isolates causing non expression of PfHRP3 [19] .
Although not reported to date in field isolates, a frame shift in these genes could also cause non-expression of the protein. Based on these published findings, deletions of pfhrp2 occur because of chromosomal breakage and rejoin in the subtelomeric regions of chromosome 8. The breaking point could occur in a broad region, often upstream of pfhrp2 or within pfhrp2 (Figure 1 ).
Prevalence and distribution
After characterization and confirmation of P. falciparum parasites lacking PfHRP2 and PfHRP3 in Iquitos, Gamboa and colleagues [19] performed a retrospective investigation of the prevalence of these parasites in the Peruvian Amazon. 148 P. falciparum samples had been collected between 2003 and 2007 from various locations, and 41% and 70% of these samples lacked the pfhrp2 and pfhrp3 genes, respectively, with ≈ 22% of the parasites lacking both pfhrp2 and pfhrp3 genes [19] .
Recently, Akinyi et al. [21] retrospectively investigated the genetic origins of P. falciparum lacking the pfhrp2 gene in Peru. Surrounding Iquitos 13% of P. falciparum parasites collected between 1998 and 2001 had deleted pfhrp2. Prevalence increased to 40.6% in samples collected from the same area between 2003 and 2005 [19] . This is in perfect agreement with earlier findings [19] . Interestingly, Akinyi et al. showed that pfhrp2 deletions occurred in 4 of the 5 genetic lineages in the 1998-2001 population, and in all 8 lineages in the 2003-2005 population [21] . This suggests that pfhrp2 deletion has occurred multiple times in the Peruvian P. falciparum population and its prevalence has increased in recent years.
A significant public health problem
Plasmodium falciparum parasites that lack part or all of the pfhrp2 gene do not express the PfHRP2 protein and are, therefore, not detectable by PfHRP2-detecting RDTs. Although some of these parasites still have a functioning pfhrp3 gene and produce PfHRP3, the lower abundance of PfHRP3 and the less sensitive detection of this protein with anti-PfHRP2 antibodies means that infection with such parasites may only be detectable by PfHRP2-detecting RDTs at higher parasitaemia (>1,000 parasites/μL) [22] . Therefore, a high prevalence of P. falciparum parasites lacking pfhrp2 gene will cause a high rate of false negative results in PfHRP2-detecting RDTs. This is especially true in areas with low malaria transmission where multi-clone infections are rare, i.e. parasite lacking PfHRP2 are less likely co-infected with another strain having PfHRP2 in the same individual, and parasite densities are usually low. These false negative results will cause a major problem for malaria case management.
This effect is demonstrated in a recent study comparing sensitivities of several PfHRP2-and pLDH-based RDTs for detecting P. falciparum infections in health centres around Iquitos [23] . Samples used in this study included 19 (25.7% of the parasite isolates) parasite isolates lacking the pfhrp2 gene. The sensitivity of 10 products based on PfHRP2 detection was approximately 70 -72%, with none of the products detecting any of the 19 isolates containing parasites without pfhrp2. In contrast, four pLDH-detecting RDTs detected all 19 of these isolates, giving an average sensitivity of 97-99% [23] . Clearly, the sensitivity of PfHRP2-detecting RDTs was compromised in this region and they are not an appropriate diagnostic tool for diagnosing P. falciparum infections both there and in returning travellers from regions affected by HRP2 deletions. Instead, quality pLDH-detecting RDTs and microscopy should be used in this region of Peru, and in contiguous regions in bordering countries.
Importance of correctly mapping parasites without pfhrp2
The potential impact of P. falciparum parasites lacking pfhrp2 on malaria case management and on procurement decisions regarding the type of RDTs is significant, and as such it is imperative that the presence and prevalence of these parasites are accurately documented and mapped. However, incorrect or unsubstantiated reporting of parasites lacking pfhrp2 may unnecessarily trigger a costly change of RDT product (although there is no guideline as to what prevalence level should trigger this change), a process which requires significant logistic and financial support, as well as user retraining. It may also damage overall user confidence in RDTs. So far, the rarity of reports summarized in Table 2 suggests pfhrp2 deletion is not a major problem across broad areas; however, no systematic mapping has occurred. Not to be underestimated is the difficulty of determining the cause of false negative RDT results in the field, or when parasite antigen deletion may be suspected but there is poor capacity to investigate, and lack of guidance on how to conduct the investigation. The latter is addressed in the following sections.
Evidence required to document pfhrp2 deletion
Due to the potential consequences of pfhrp2 deletion on malaria diagnosis at the clinical, public health and economic levels it is imperative that procedures and standards are developed in order to confirm new geographic foci of pfhrp2-deleted parasites. As a minimum, the following should be collected when reporting or documenting the presence of PfHRP2 deletions.
Initial evidence
The sample is confirmed as microscopy positive for P. falciparum, the parasitaemia is counted and all findings are verified by two qualified microscopists and slide archived. The same sample does not produce a positive Pf band on two quality-assured PfHRP2-detecting RDTs taken from the same box of RDTs that produced positive results using a positive control, such as a known RDT positive blood sample. This sample should also be positive for the pan band if the RDT detects Pf and pan Plasmodium spp, and positive as Pf when a pLDH-detecting RDT meeting WHO procurement criteria is used. The requirement for a positive pan-band is because pan-bands are generally less sensitive than HRP2-test bands and therefore a positive pan-band, and negative HRP2 test band makes the possibility of a false negative due to low parasite density less probable. The sample is confirmed as P. falciparum by PCR and ideally quantified against the WHO International P. falciparum DNA standard [30] and the sample is negative for other Plasmodium species by PCR. If all of the above initial evidence is observed, a confirmatory investigation should be undertaken. A blood sample (>50 μL) should be stored frozen or dried on filter papers (e.g. Whatman 3MM) or other collection cards as sources of DNA for confirmatory analyses outlined below. Blood slides and used RDTs could also be stored as sources of DNA.
Confirmatory evidence
Gene deletion analysis a. PCR to amplify the full length of exon 2 and the region across exon 1 and exon 2 of the gene (See Table 3 for suggested primer sequences), and fails to amplify a product in at least one experiment. This is designed to detect both entire and partial gene deletions based on known chromosome breaking points, See Figure 1 (many in exon 2). b. PCR is able to amplify products for at least two single copy genes from the same sample. It does not matter on which chromosome these genes are located as the purpose is to verify the quality of DNA in the sample. While a PCR based on amplification of the 18sRNA gene is useful in confirming Plasmodium species, alone it does not provide sufficient evidence of DNA quality as it is a multi-copy gene, while pfhrp2 is a single copy gene and, therefore, more susceptible to false negative test at low DNA concentration. c. PCR targeting genes flanking pfhrp2 amplifies none or only one of the flanking genes (Table 3 has suggested primers). Deletions of pfhrp2 often include one or both of the genes flanking pfhrp2.
Antigen analysis a. To confirm that the parasite lacks the pfHRP2 protein, a second brand of quality PfHRP2-detecting RDT should be used to test the sample, and again a negative result should be produced. Ideally, this second RDT would use different antibodies, but this information is frequently not available. b. Alternatively, a PfHRP2 ELISA could be performed, and again yield a negative result at a parasitaemia where the ELISA would be expected to be positive. A PfHRP2 variant with poor affinity for the antibodies used in the ELISA is conceivable but highly unlikely to occur and therefore, this step provides the most definitive proof of lack of functional protein due to partial or entire gene deletion.
It should be noted that antigen analysis is also important for reporting no pfhrp2 deletions because a frame shift within pfhrp2 will also lead to a false negative RDT result, even if the gene is present.
Establish prevalence
Following confirmation of pfhrp2 deletions in initial case investigations, surveillance of fever patients or community surveys around index cases should be carried out in the specific geographic region to determine the prevalence of parasites carrying gene deletions. Retrospective studies are an option if stored samples from the same region are available. Outside Peru, prevalence of parasites lacking pfhrp2 is almost certainly extremely low, but foci of deleted parasites may existthe Peruvian deleted population went unrecognized until sample collection was undertaken for purposes other than case management. In such cases, a large number of samples may be required to establish reliable estimates of the prevalence of these parasites. In all cases, prevalence estimates should be accompanied 
Summary of studies reporting pfhrp2 deletions or no deletions
Since the first report of P. falciparum parasites lacking pfhrp2 gene in 2010 [19] , several publications have reported detection of these parasites in Peru and other areas [21, 23, 24, 26, 28, 29] . The approaches used in these studies have varied. In Table 2 , these studies are summarized against the recommended procedures outlined. The majority of studies meet most of the 'initial evidence' criteria, however, few follow up confirmatory tests are reported, including the quality of DNA, the deletion of flanking genes and antigen analysis.
Conclusions
After reviewing published data we believe that unequivocal evidence exists for pfhrp2 and pfhrp3 gene deletions in P. falciparum in Peruvian Amazon at a high prevalence (40.6% in Iquitos and 2-40% in surrounding areas) [19, 23] . Therefore, PfHRP2-detecting RDTs should not be used in this area of South America as a basis for treatment decisions. It is important that vigilance is high in other parts of Peru and of South America generally in order to determine the geographic spread of parasites with gene deletions.
In areas outside of South America, further studies should be undertaken to verify the existence, and if present, the prevalence and geographical extent of populations of parasites with gene deletions. Overwhelmingly, operational experience on RDT use indicates that there is no reason why PfHRP2-detecting RDTs should not be used as part of routine clinical case management in most malaria-endemic areas, they are safe and effective for case management [31] [32] [33] [34] [35] . Investigations should be carried out in cases where discrepant results are seen between different diagnostic methods that are not due to low parasite density in samples.
